Environment International 147 (2021) 106295

Contents lists available at ScienceDirect

Environment International
journal homepage: www.elsevier.com/locate/envint

Cognitive effects of low dose of ionizing radiation – Lessons learned and
research gaps from epidemiological and biological studies
Elisa Pasqual a, b, c, *, François Boussin d, Dimitry Bazyka e, Arvid Nordenskjold f,
Michiko Yamada g, Kotaro Ozasa h, Simonetta Pazzaglia i, Laurence Roy j,
Isabelle Thierry-Chef a, b, c, Florent de Vathaire k, Mohammed Abderrafi Benotmane l, 1,
Elisabeth Cardis a, b, c, *, 1
a

Barcelona Institute for Global Health (ISGlobal), Campus Mar, Barcelona Biomedical Research Park (PRBB), Dr Aiguader 88, 08003 Barcelona, Spain
University Pompeu Fabra, Barcelona, Spain
c
Consortium for Biomedical Research in Epidemiology & Public Health (CIBERESP), Carlos III Institute of Health, Madrid, Spain
d
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The last decades have seen increased concern about the possible effects of low to moderate doses of ionizing
radiation (IR) exposure on cognitive function.
An interdisciplinary group of experts (biologists, epidemiologists, dosimetrists and clinicians) in this field
gathered together in the framework of the European MELODI workshop on non-cancer effects of IR to summarise
the state of knowledge on the topic and elaborate research recommendations for future studies in this area.
Overall, there is evidence of cognitive effects from low IR doses both from biology and epidemiology, though a
better characterization of effects and understanding of mechanisms is needed.
There is a need to better describe the specific cognitive function or diseases that may be affected by radiation
exposure. Such cognitive deficit characterization should consider the human life span, as effects might differ with
age at exposure and at outcome assessment.
Measurements of biomarkers, including imaging, will likely help our understanding on the mechanism of
cognitive-related radiation induced deficit. The identification of loci of individual genetic susceptibility and the
study of gene expression may help identify individuals at higher risk.
The mechanisms behind the radiation induced cognitive effects are not clear and are likely to involve several
biological pathways and different cell types.

Keywords:
Cognition
Neurodevelopment
Neurodegeneration
Ionizing radiation
Low doses
Atomic bombing
Chernobyl accident
Medical radiation
MELODI

Abbreviations: ADHD, attention deficit and hyperactivity disorder; AHS, Adult Health Study; BPRS-18, Brief Psychiatric Rating Scale; CASI, Cognitive Abilities
Screening Instrument; CBVD, cerebrovascular disease; CT, Computer Tomography; FACT-Cog, Functional Assessment of Cancer Therapy - Cognitive function issues;
GHQ-28, General Health Questionnaire; ICRP, International Commission for Radiological Protection; IR, Ionizing Radiation; MELODI, Multidisciplinary European
Low Dose Initiative; MMSE, Mini-mental State Examination; MRI, Magnetic Resonance Imaging; NCQ, Neurocognitive Questionnaire; RAVLT, Rey Auditory Verbal
Learning Test; RP, Radiation Protection; SD, Standard Deviation; SGZ, SubGranular zone; SRA, Strategic Research Agenda; SR, Systematic Review; SVZ, Sub
Ventricular Zone.
* Corresponding authors at: Institut de Salut Global de Barcelona – Campus MAR, Parc de Recerca Biomèdica de Barcelona (PRBB), Doctor Aiguader, 88, 08003
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Well conducted research in large epidemiological cohorts and experimental studies in appropriate animal
models are needed to improve the understanding of radiation-induced cognitive effects. Results may then be
translated into recommendations for clinical radiation oncology and imaging decision making processes.

1. Introduction

environment, occupational and medical sources (other than
radiotherapy).
The current paper is part of a special issue arising from the inter
national workshop organized by MELODI on non-cancer effects of low
doses of IR (Sitges, Spain, 10–12 April 2019). It aims to summarize the
state of the art to identify research gaps in our current understanding of
cognitive effects at low to moderate doses of IR and sets-out recom
mendations for future research. This represents the combined work of
epidemiologists, biologists, clinicians, and dosimetrists with expertise in
this area.

Cognition is a set of functions which ensure the ability to think, learn,
reason, image and remember (Forns et al., 2012). These functions
develop during the in-utero period and continue maturating until young
adulthood (Cognitive Development) (Casey et al., 2005), while at older
ages they start to decline (Cognitive Decline) (Raz et al., 2005). Specific
clinical diseases of the neurodevelopment (i.e. Attention Deficit Hy
peractivity Disorders, ADHD) and of aging (Parkinson, Alzheimer, de
mentia) may also be associated with cognitive dysfunction, as cognitive
impairment may present as a symptom of these diseases or as a conse
quence of medication or of social isolation and associated depression.
Cognition is a major determinant of an individual’s quality of life, in
dependence, and social functioning. Better knowledge of factors that
affect cognition throughout life, particularly in the most vulnerable
periods of human life (fetal life, childhood, adolescence, and old age) is
therefore of major public health importance.
It is well known that environmental (including IR) and genetic fac
tors may play a role in, and determine the trajectory of, both cognitive
development (Júlvez et al., 2016) and decline (Gunnarsson and Bodin,
2019; Tanner et al., 2014). Specific neurodevelopmental disorders
(including ADHD) and disorders of aging (such as Alzheimer’s disease
and dementia spectrum disorders) are known to be influenced by envi
ronmental and/or genetic factors (Aghaei et al., 2019; McKenzie et al.,
2017; Power et al., 2016). Additionally, health and psychological status,
including psychiatric disorders such as schizophrenia and depression,
and use of specific medication can also influence cognitive function
(Cheung et al., 2017; Park and Kwon, 2008; Vuotto et al., 2017).
IR at moderate to high doses (of the order of hundreds and thousands
of mGy) is a well-known risk factor for cancer, and results of recent
studies support the existence of an excess cancer risk even at low doses
of radiation (below 100 Gy, for comparison, an average person in the
world receives about 2–3 mGy per year, i.e. of the order of 100 mGy over
a lifetime) (Hauptmann et al., 2020). There has been considerable in
terest in the potential non-cancer effects of low (<0.1 Gy) to moderate
(0.1–0.5 Gy) doses of IR in the Radiation Protection (RP) community in
recent decades, and, in particular on cognitive and neurodevelopmental
effects, since the publication of the results of the Swedish Haemangioma
study, in which low IR doses were associated with a decline in cognitive
function (Hall et al., 2004). Research in this area is still scarce, however,
though it is well known that high doses of IR can induce a cognitive
deficit (Armstrong et al., 2010; Chen et al., 2015). Current RP recom
mendations, in the International Commission for Radiological Protec
tion (ICRP) 118 report, are based on a deterministic threshold for
cognitive effects of 1–2 Gy in adults and 0.1–0.2 Gy in children (ICRP,
2012).
In Europe, the Multidisciplinary European Low dose Initiative
(MELODI) platform, was set-up in 2010 to coordinate, promote and
implement European research on the risks associated with low dose
exposure to IR. An integral part of its activities is to review the state of
the art and developing and periodically update a Strategic Research
Agenda (SRA), as well as a list of short-medium term priorities (MELODI,
2019). These have been an important basis for setting research priorities
for European Commission and national RP research funding programs in
Europe. An important priority set-out in the current MELODI SRA is
research, both epidemiological and mechanistic, on the effects of low to
moderate doses of IR on cognition (Bouffler et al., 2019). Indeed,
assessing whether low and moderate doses of IR have an effect on
cognition is important in terms of both public health and RP as these are
the levels of doses received by the vast majority of people from

2. Materials and methods
The workshop, information about which was broadly disseminated
in Europe and around the world in the RP research community, brought
together experts in clinical, epidemiological and biological/mechanistic
research on the effects of IR on cognition to review the current literature
and discuss limitations and research gaps. Speakers (EP, FB, KO, DB,
MAB, AN) were invited, based on their recent work and specific exper
tise on the topic, to present current knowledge on the effects of low
doses on cognitive function from the clinical, epidemiological and
biological.
These findings were discussed in the workshop, and a working group,
including the speakers and participants with relevant expertise (SP, FdV,
LR, ITC) and the chairpersons of the session (MAB and EC) met on the
last day of the meeting to discuss the evidence, with particular focus on
the results presented the day before, the research gaps and to set-out
recommendations for future research. The current paper does not
intend to provide a systematic and comprehensive summary of the
literature available, instead it aims to summarize the results of the
workshop, updated with results of research published since then.
3. Results
3.1. Effects of low to moderate doses of IR on cognitive development and
decline – current state of knowledge
3.1.1. Clinical perspective on cognitive effects in patients
Clinicians constantly weigh benefits and risks when considering any
treatment, intervention, or diagnostic test. The negative effects of IR on
cognition have been known for some time (Ron et al., 1982), with effects
associated with exposure to high doses of radiation from radiotherapy
(of the order of several Gy to 10 s of Gy). In the mid-2000s, the paper by
Hall and collaborators raised the possibility that even low doses of IR
could affect cognitive function raising concern among radiologists, pe
diatricians and RP professionals (Hall et al., 2004). This led in particular
to optimization of Computed Tomography (CT) doses in children (Lee
et al., 2016) and to the increased use of Magnetic Resonance Imaging
(MRI) as an alternative diagnostic modality. Concerns also exist about
MRI, however, due to potential cognitive risks from anesthesia, espe
cially in case of repeated procedures (Rappaport et al., 2015; Wilder
et al., 2009), free gadolinium deposition in children (Stanescu et al.,
2020).
Newer CT techniques, CT Angiography and CT Head Perfusion, have
added a growing urgency to quantify the risk of IR, since these new
modalities deliver higher radiation doses than conventional diagnostic
procedures and based on the reports of radiation induced damage from
these examinations (Imanishi et al., 2005; Wintermark and Lev, 2010).
Some patients might receive high cumulative doses through the use of
repeated CT, CT Angiography and CT Perfusions. Indeed, it has been
2
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recently estimated that in 35 high income countries (total population 1.2
billion), 2.5 million patients (i.e. about 2 subjects per 1000 receive a
cumulate dose over 0.1 Gy over a 5 year period (Rehani and Hauptmann,
2020). Though there are increasing efforts to reduce radiation dose from
diagnostic examinations (Gottumukkala et al., 2019), additional
research on radiation health effects, including non-cancer effects, is
needed to better inform optimization and clinical decision.

Increased rates of CBVD were also seen 7–21 years after exposure in a
cohort of 42,982 evacuees from the Chernobyl zone, with the highest rates
between 12 and 21 years after exposure (Buzunov and Kapustynska,
2018). Though external doses and doses from long-lived radionuclides
among these subjects are low, thyroid doses from 131I are much higher.
131
I thyroid dose estimates were available for 957 subjects, who were
divided into 4 dose groups (276 subjects with less than 0.3 Gy; 208
between 0.31 and 0.75 Gy; 325 with between 0.76 and 2.0 Gy; and 138
above 2). A statistically significant increase in occurrence of CBVD was
associated with thyroid dose from 131I in the range 0.31–0.75 Gy when
compared with the lowest dose group. For other dose groups, no increase
in CBVD occurrence was reported and no statistically significant trend
was observed (Buzunov and Kapustynska 2018). More evidence is
needed on the association between thyroid dose and the development of
cognitive deficiency in radiation-exposed individuals.

3.1.2. The state of the art in epidemiology
3.1.2.1. Cognitive effects after the Chernobyl accident. Studies of Ukrai
nian clean-up workers (average dose around 100 mGy), demonstrated an
increased incidence of cognitive dysfunctions, though the nature of ef
fects and the possible association with radiation dose, especially at low
doses, remain unclear (Loganovsky et al., 2008; Bazyka et al., 2018).
A study to evaluate possible effects of low-dose IR on human
cognitive function in adulthood was conducted within the CEREBRAD
project (CEREBRAD, 2015) among 326 Ukrainian clean-up workers, 290
of which had doses under 500 mSv (Bazyka et al., 2015). An agematched group of 44 other workers, with doses lower than 20 mSv,
was used as internal control. The study included neurocognitive func
tion assessment (memory, attention, language, executive and visuospatial functions) and neurophysiologic investigation. Telomere length
and expression of genes regulating telomere function were measured to
study the role of radiation aging.
Results of the neurocognitive and psychological tests (General
Health Questionnaire (GHQ-28), the Brief Psychiatric Rating Scale
(BPRS-18), Rey Auditory Verbal Learning Test (RAVLT), Zung scores,
and Mini-mental State Examination (MMSE)) indicate a higher preva
lence of cognitive and psychological deficit in those workers with doses
above 100 mSv, particularly among those with doses above 500 mGy.
Telomere length was reduced in clean-up workers over the age of 50
(6.1%), with the greatest reduction among those aged 70 years or more
(11.7%). Telomere length was also statistically significantly reduced
when comparing those with cognitive disorders (presence of a diagnosis
of cerebrovascular diseases (CBVD) or MMSE score lower than 28) to the
healthy subjects by all IR dose category. The degree of cognitive deficit
(MMSE scale) was negatively correlated with telomere length and age,
however not statistically significant. Regarding expression of genes
regulating telomere length, high TERF2 expression combined with low
expression of TERT was found 25–30 years after exposure. Statistically
significant correlation between gene expression levels and radiation
doses were also reported. Workers with mild cognitive deficit (MMSE <
28) and/or a medical diagnosis of CBVD (ICD-10 I69.0–I69.8) showed
up-regulation of CDKN2A, CLSTN2, CSF2, IFNG, ILB, TERF1, TERT,
VEGFA genes. Overall, this study suggests that cognitive deficit in
humans, 25–30 years post-irradiation, might be influenced by dose, as
well as by age at exposure and gene regulation of telomere function in
the 100–500 mGy range (Bazyka et al., 2015, 2013).
To describe the functional brain changes associated with cognitive
dysfunction, evoked bioelectrical brain activity was measured in cleanup workers (Kogan and Chesalin, 1989). In workers exposed to doses less
than 1 Gy and not diagnosed with acute radiation syndrome, alterations
of brain electrical activity, especially in the Wernicke area, were
observed 10–15 years after exposure in the low dose range, with evi
dence of a threshold at 0.05 Gy and most prominent changes at doses
over 0.3–0.5 Gy. Compared with the general population, higher rates of
depression and alcohol abuse (24%) were registered in cleanup workers
(Loganovsky et al., 2008). This was not associated with alterations of
brain electrical activity, however; thus, these factors are unlikely to
confound the association between radiation dose and alterations of brain
electrical activity. These findings may support the hypothesis of corticolimbic dysfunction related to hippocampal neurogenesis impairment as
a mechanism of radiation induced cognitive dysfunction (Loganovsky
and Kuts, 2017, 2016; Loganovsky et al., 2018).

3.1.2.2. Cognitive decline among atomic bomb survivors. Survivors of the
atomic bombing (A-bomb) in Hiroshima and Nagasaki exposed in utero,
especially between 8 and 15 weeks of gestation, with doses of several
hundred mGy or higher experienced higher rates of intellectual
disability (Otake and Schull, 1998). Investigations are underway, since
the early 1990́s, to assess if exposure to radiation after birth might also
result in the development of cognitive dysfunction or dementia in
adulthood or older age.
Between 1992 and 1998, a cross-sectional study was conducted on
3100 subjects selected from the Adult Health Study (AHS) in Hiroshima
and Nagasaki, aged 13 years or older at the time of the bombings – 60 or
older at the time of the study (Yamada et al., 2002). The association
between radiation dose and dementia was studied among the Hiroshima
survivors in a cross-sectional study (Yamada et al., 1999) and a longi
tudinal follow-up carried out from 1992 to 2011 (2300 subjects)
(Yamada et al., 2016).
Cognitive function was measured quantitatively using a short form of
the Cognitive Abilities Screening Instrument (CASI) screening test (Teng
et al., 1994). CASI has a high sensitivity (almost 100%) and specificity
(about 90%) to detect dementia (Larson et al., 1998; Yamada et al.,
1999). Dementia, including Alzheimer disease, vascular dementia, and
others, was based on diagnosis by a panel of neurologists (Yamada et al.,
1999).
In the cross-sectional study, the CASI score, in both sexes, decreased
with age, especially older ages, and increased with longer education. IR
exposure had no effects on CASI scores after adjusting for sex, city, age,
and education history (Yamada et al., 2002).
The prevalence of dementia was not associated with IR exposure, in
the cross-sectional Hiroshima study (Yamada et al., 1999). In the lon
gitudinal study, among 2044 dementia-free subjects at the initial survey
(1992–1996), 195 subjects developed dementia, including 123 Alz
heimer disease and 34 vascular dementia cases, by 2003. No association
between radiation dose and dementia was observed (Yamada et al.,
2009).
An additional analysis, among 1844 dementia-free survivors aged
13–33 years at the time of bombing in Hiroshima, shows that the CASIshort form score declined more steeply with age among those who
developed dementia (N = 313), though this decline appeared not to be
associated with radiation dose (Yamada et al., 2016). Overall, these
studies suggest no effect of exposure after 13 years of age on cognitive
decline.
A cognitive follow up of subjects involved in the AHS study aged
0–13 years at the bombing has also been conducted. Neurocognitive
function was measured with a self-reported measurement, the NCQ, and
an objective measurement, the CASI score. A baseline analysis of the
data showed that older age and less education is associated with more
subjective neurocognitive complaints (Yamada et al., 2019). Analyses of
radiation risks are underway and were not yet available at the time of
this review.
3
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3.1.2.3. Systematic review (SR) of the neurodevelopmental effect of IR
exposure. Epidemiological studies of neurodevelopmental effects
following low to moderate IR doses received during fetal life, childhood
and adolescence were systematically reviewed (Pasqual et al., 2020).
The SR identified 26 epidemiological studies, including large co
horts: the A-bomb survivors study (Otake and Schull, 1998), the Israeli
tinea capitis cohort (Ron et al., 1982), the two Swedish hemangioma
cohorts (Blomstrand et al., 2014; Hall et al., 2004). It also included
studies of effects of IR received: a) in medical settings, both for radio
therapy and diagnosis (Krull et al., 2018; Nordenskjöld et al., 2015;
Salonen et al., 2018; Zeltzer et al., 2008); b) from fallout from the
Chernobyl nuclear power plant accident (Almond et al., 2009; Bar Jo
seph et al., 2004; Bazyka et al., 2015; Heiervang et al., 2010; Igumnov
and Drozdovitch, 2000; Lie et al., 2017; Loganovskaja and Loganovsky,
1999; Nyagu et al., 1998; Taormina et al., 2008); and c) from other
environmental contamination (Black et al., 2013).
The strength of the evidence for an association between IR exposure
and each aspect of cognitive neurodevelopment (general cognition,
memory, attention, executive function, language and visual-spatial
abilities) was evaluated using qualitative synthesis methods (Popay
et al., 2006; The Cochrane Collaboration, 2011).
The most informative studies were those of the A-bomb survivors,
tinea capitis and haemangioma cohorts, studies with a large sample size
and very low chance of bias or confounding. Little information could be
obtained from other medical exposures studies or from studies of pop
ulations exposed to Chernobyl fall-out in utero or childhood as these
studies generally had low statistical power, potential for confounding (e.
g. maternal stress in subjects evacuated from contaminated territories),
limited or no dose estimation, and low outcome specificity (i.e. use of
school achievement as proxy of cognitive measure).
The SR concluded that current evidence for an effect of low to
moderate doses on general cognition (IQ) and language abilities is
limited, meaning that “A causal interpretation of the positive association
observed in the body of evidence [..] is credible, but chance, bias, or
confounding could not be ruled out with reasonable confidence” (IARC,
2019). For the other cognition domains (memory, attention, executive
function, visual-spatial abilities) the evidence was inadequate (IARC,
2019) due to the small sample size of studies on which findings were
based. There was also inadequate epidemiological evidence for hetero
geneity of effect between exposure in utero/early life as compared with
exposure later in life, due to the scarcity of studies evaluating this
question.

function and attention domains used in other epidemiological studies in
young people (Rivas et al., 2019). This study provides a model for a
future European/international collaboration to study the cognitive ef
fects of low to moderate doses from scatter radiation to the brain,
showing that cognitive evaluation using a standardized computer bat
tery can be integrated in the standard follow up of cancer patients. The
possible impact of low to moderate doses on cognitive effect is a topic of
increasing interest due to the emerging use of proton therapy. Studies on
the cognitive effect of proton therapy are ongoing (Dutz et al., 2020;
Kahalley et al., 2019).
The French Haemangioma Cohort (Dondon et al., 2004) includes in
dividual treated for skin haemangioma before 1973, below the age of 15
years (the majority below 1 year of age). Doses received by the brain
lobes, hypophysis and thyroid have been estimated (Shamsaldin et al.,
2000), with dose to the brain being below 1 Gy on average. In the
framework of CEREBRAD (CEREBRAD, 2015), neurocognitive tests
were performed on 105 patients from this cohort. The following tests
were used: i) General cognitive decline (MMSE, Montreal Cognitive
Assessment); ii) Memory (RAVLT); iii) psychometric tests (Zung Selfrating Depression Scale, BPRS, Hospital Anxiety and Depression scale);
iv) Self-reported cognitive fatigability (FACT-Cog); v) Quality of Life
(Short Form 36). Analyses are underway to evaluate the relation be
tween the score for each test and the dose received by different brain
structures. The interpretation is challenging because of multiple testing
issues in a relatively small sample size.
3.1.2.4.2. Ongoing studies on cognitive decline. Studies of the A-bomb
survivors are continuing, as indicated above, as are studies of Chernobyl
clean-up workers. A recent study, among Mayak workers suggests a
possible dose-related increased risk of Parkinson’s disease (Azizova
et al., 2019). A study of cognitive effects in the cohort of British nuclear
testing veterans is also ongoing, to evaluate the effect of psychological
stress related to knowledge of radiation exposure on cognitive decline
(Collett et al., 2020b, 2020a).
The aging of the population in these large-scale epidemiological
studies offers an important opportunity to study possible cognitive ef
fects of low to moderate IR doses in old age.
3.1.3. The state of the art in experimental studies
3.1.3.1. Results from the CEREBRAD project. The CEREBRAD project
(CEREBRAD, 2015) provided extensive experimental data on radiation
induced cognitive effects, as well as epidemiological data mentioned in
3.1.2.
In a set of experiments, mice were exposed pre- and post-natally to Xray doses ranging between 0 and 1 Gy, with behaviour tested at 12
weeks of age (Verreet et al., 2015). Behavioural defects were observed at
doses above 0.5 Gy for both prenatal and postnatal exposures and
increased linearly with dose. Lower prenatal doses (0.1 Gy) resulted in
subtle changes in prefrontal-cortex function and in social behaviour
(Verreet et al., 2015)
In the same experiments, 3D T2-weighted MRI was used to measure
the volumes of the whole brain and of specific brain structures in mice. A
reduced head size (microcephaly) phenotype was seen at doses of 0.33
Gy and above (Verreet et al., 2016, 2015), consistent with the literature
from animal experiments (Inouye et al., 1995; Jensh et al., 1995; Rey
ners et al., 1992), and in line with observation from the atomic bomb
survivors study (Otake and Schull, 1998; Otake et al., 1991). No dif
ference in relative volumes of particular brain structures could be
observed for doses below 0.5 Gy (Verreet et al., 2015). Microcephaly is
associated with a reduction in brain volume and often associated with
intellectual and/or motor disabilities; it can be induced by any condition
that affects brain growth, e.g. progenitor cell proliferation, cell differ
entiation, cell death (von der Hagen et al., 2014).
Additional experiments were conducted combining exposure to IR
and environmental toxicants (paraquat, nicotine, PBDE…). Results

3.1.2.4. Other ongoing epidemiological studies
3.1.2.4.1. Ongoing studies of cognitive development. Cohort studies of
Childhood Cancer Survivors (Tikellis et al., 2018; Winther et al., 2015)
can potentially provide important information about neurodevelopment
following low to moderate doses of IR from radiotherapy outside the
brain and head. Most existing cohorts include subjects that are still
relatively young, a large proportion of whom undergo annual check-ups,
an important opportunity for cognitive testing. It is well known that
brain tumor survivors are at risk of cognitive deficit (Mulhern et al.,
2004) and cranial radiotherapy is a recognized risk factor for such
cognitive impairment (Armstrong et al., 2010; Krull et al., 2018; Rob
inson et al., 2010). Whether cognitive effect in CCS may also exist at
lower doses, such as doses received from scatter radiation when the
target organ for radiotherapy is far from the brain, is under debate.
Recent report reported cognitive effects in Hodgkin lymphoma survivors
having undergone mantle radiotherapy (Krull et al., 2018). However,
these effects appear to be mediated by cardio-vascular damage (due to
high doses to the heart and major vessels close to the radiotherapy field)
rather than the lower doses of scatter radiation in different brain
structures. A small-scale study, COGNITO, is currently ongoing in the
two largest pediatric oncology units in Barcelona, Spain, using stan
dardized computer evaluation of general cognition, memory, executive
4
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showed a shift in the threshold for behavioral effects to doses below 100
mGy (Buratovic et al., 2018, 2014). This may indicate that the threshold
depends not only on radiation dose but also on other co-factors.

MRI (CEREBRAD, 2015; Pérès et al., 2018; Mouton et al., under review).
3.1.3.3. Elucidating the mechanisms of radiation induced cognitive im
pairments using animal models. Animal models suggest that cognitive
decline is a consequence of damages in multiple neural cell types due to
alterations in the vasculature, in glial and neuronal cells function, a
decreased hippocampal neurogenesis, and increased neuroinflammation
(Hladik and Tapio, 2016). Indeed, the dynamic interaction between
multiple cell types (i.e., neurons, microglia and astrocytes) is involved in
the complexity of the pathogenesis of radiation-induced cognitive
impairment (Casciati et al., 2016; Kempf et al., 2014).
Irradiation can cause apoptosis, necrosis, inflammation and impaired
neuronal migration in mice. Apoptotic response may be influenced by
the developmental stage at radiation exposure (see 3.1.3.2), and the
irradiation parameters (dose-rate or energy of the beam) (Verreet et al.,
2016). Apoptosis may be also the mechanism involved in the radiationinduced microcephaly in mice (Quintens et al., 2015; Yasuda et al.,
2006) and in the reduction of cortical thickness hampering correct brain
layering (Etienne et al., 2012). However, the underlying causes for
radiation-induced microcephaly are not fully understood, as differences
in experimental conditions (radiation dose, exposure time points, and
definition of cellular layers) hamper comparison across existing animals
model studies, although unpublished data from SCK-CEN indicates that
apoptosis and premature differentiation are highly involved.
Radiation induced cognitive dysfunction in adults may also be
related to the ageing process, such as senescence, which is known to be
influenced by radiation (López-Otín et al., 2013; Murga et al., 2009;
Suman et al., 2013). Indeed, experiments in mice models have shown
that premature aging is related to accumulation of DNA damage during
the embryonic period (Murga et al., 2009), suggesting that ageing is
influenced, to some extent, by embryonic distress, such as caused by
irradiation (Fernandez-Capetillo, 2010).
Adult brain irradiation also induces apoptosis of neural progenitors in
the subgranular zone (SGZ) of the dentate gyrus of the hippocampus in
animal models, as well as neuroinflammation that persistently inhibits
hippocampal neurogenesis (Monje et al., 2003; Yang et al., 2017). The
later may be responsible for impairment in learning, memory, and
spatial information processing (Gondi et al., 2010; Monje et al., 2003).
Cognitive impairment may be the result of multifactorial processes at
the hippocampus level: indeed, both alteration of the neuronal cell
population and of microenvironments (i.e. microglia hyperactivation)
may play a role. It has been shown that both exposure to IR and trau
matic brain injury are associated with dysregulation of the chemokine
receptor-2 (CCR2), which is involved in microglia activation (Allen
et al., 2013). Microglia depletion and CCR2 inhibition have been clearly
shown in different studies to improve cognition and are considered as
such as a plausible strategy to prevent cognitive decline following ra
diation therapy (Acharya et al., 2016; Parihar et al., 2016). In addition,
mice behavior can be significantly affected by radiation-induced
persistent inhibition of neurogenesis in the subventricular zone (SVZ)
of the anterior lateral ventricles (Feierstein et al., 2010; Lazarini et al.,
2009; Tada et al., 1999). However, quiescent neural stem cells of SVZ
are highly radiation-resistant and can restore neurogenesis thereafter
(Daynac et al., 2013). Therefore, inhibition of neurogenesis in the SVZ,
is due to radiation-induced changes in the microenvironment of the
neurogenic niches, such as an increase of vascular-derived TGF-β, that
impairs the activation and/or proliferation of the neural stem cells
(Morizur et al., 2018; Pineda et al., 2013).
Disruption of neural network formation and improper synaptic
communication, due to disturbed dendritic organization following in
utero irradiation, may be a crucial mechanism of IR induced cognitive
dysfunction. Irradiation leads to alterations in dendritic morphology and
mature neurons physiology. A dose-dependent reduction in dendritic
complexity has been observed in hippocampal neurons in mice (Parihar
and Limoli, 2013). These alterations affect neuronal connectivity, and

3.1.3.2. Low dose radiation and the developing brain: Not only a question
of dose. The developmental stage of the brain at the time of irradiation
(both in the prenatal and postnatal periods) plays an important role in
determining radiation-related cognitive changes. Specific biological ef
fects have been observed at different brain developmental stages in
animal models, suggesting that the biological mechanism may differ
depending on the timing of exposure.
Neural progenitors are highly radiation-sensitive, as they are highly
sensitive to radiation-induced apoptosis at doses of the order of 10 mGy
in the murine embryonic brain (Saha et al., 2014). Apoptosis is one of
the main mechanism of IR-induced neurodevelopmental dysfunction
(Etienne et al., 2012; Nowak et al., 2006; Verreet et al., 2016) and of
impairment of brain structures development (Hoshino et al., 1991;
Hoshino and Kameyama, 1988; Nowak et al., 2006). Neural progenitors
are characterized by specific DNA damage responses distinguishing
them from other somatic cells (Mokrani et al., 2020; Roque et al., 2012).
The deleterious effects of IR increase with the proportion of actively
proliferating neural progenitors which are more prone to cell cycle ar
rest, apoptosis, or premature differentiation. This proportion varies
across not only the neurodevelopmental stage but also across brain
structures, thus the effect of radiation may also depend on the cerebral
area exposed.
IR can also alter the function and fate of neural progenitors by
inducing premature neurogenesis (Eom et al., 2016; Wagle and Song,
2020), thus reducing the pool of proliferating precursors (Krieger et al.,
2019; Lancaster et al., 2013). For prenatal exposure, it has been
observed that, in the irradiated (with X-ray/Gamma doses of 0.5–1.0 Gy
at embryonic day 11 or 13) embryonic neocortex at 24 h after exposure,
apoptosis is restricted to differentiated, non-proliferating cells, possibly
contradicting the assumption that neural progenitors are the most
radiosensitive. However, it cannot be excluded that the observed
apoptosis in the differentiated cells may result from a previous damage
in the progenitor cells (Nowak et al., 2006; Roque et al., 2012).
For perinatal exposure (postnatal day 10), defects in adult neuro
genesis and axonogenesis are observed several months after exposure
(Casciati et al., 2016; Kempf et al., 2014). Indeed, radiation can impair
adult neurogenesis by inhibiting cell division and production of new
neurons in these crucial regions, with long-term consequences on
learning and memory (Casciati et al., 2016; Daynac et al., 2013; Kempf
et al., 2014; Mizumatsu et al., 2003; Pineda et al., 2013). The mecha
nism of radiation induced cognitive effects also involves increased
neuroinflammation and alteration of synaptic plasticity. Indeed, at the
molecular level, the persistent effects on cognitive behavior from peri
natal exposure of mice to doses as low as 0.5 Gy, was associated with
alterations in Rac1-Cofilin pathway and increased neuroinflammation
(Casciati et al., 2016; Kempf et al., 2014). During postnatal hippocam
pus development, some long-term alterations (increased apoptosis, al
terations in neurogenesis, mitochondrial homeostasis, and expression of
proteins involved in synaptic plasticity) have also been observed, at
doses of 0.1 Gy (Casciati et al., 2016).
Regarding possible genetic susceptibility factors which may modify
radiation induced cognitive deficit, genes involved in neurogenesis or in
DNA damage response may be implicated (Etienne et al., 2012). There
are large polymorphisms in DNA repair genes in humans that could
influence individual DNA repair capacity (Cornetta et al., 2006; Mum
brekar et al., 2016; Travis et al., 2006). Transgenic mice with a low
deficiency in DNA repair capacity are more prone to develop radiationinduced neurocognitive disorders than wild-type animals (Béry, per
sonal communication). Such mouse models may help understand the
pathogenesis of radiation-induced cognitive effects and the search of
non-invasive biomarkers using, for example, anatomical and diffusion
5
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Table 1
Current state of knowledge concerning radiation-induced cognitive effects across the life course, by exposure time and dose range.
Cognitive function over life
Exposure time

IR Dose
range

Neurodevelopment Prenatal – 30 years of age

Adult life 30–70 age

Prenatal

Low to
Moderate

The extent to which prenatal IR exposure affects
cognition later in life has not been adequately
studied

Infancy- Early childhood

Low to
Moderate

Epidemiological and biological evidence
suggesting prenatal IR dose, even in the low
dose range, affects the normal
neurodevelopment.
Exposure during infancy may have an effect on
neurodevelopment, however, of small
magnitude.
It is well known, especially from Childhood
cancer survivors studies, that IR at high doses
induces cognitive deficit during
neurodevelopment

High

Childhood/ adolescence

Adult life

Low to
Moderate

It is less known the effect of exposure on late
childhood/ adolescence on neurodevelopment

High

It is well known, especially from Childhood
cancer survivors studies, that IR at high doses
induce cognitive deficit

Low to
Moderate
High

Not applicable
Not applicable

Low to moderate range is defined here
as below 0.1–0.5 Gy; For high dose we
meant much higher dose (cranial
radiotherapy range)

post-irradiation impairment of long-term potential has been reported in
mice (Wu et al., 2012).
Transcriptomic and proteomic analyses have shown modulation of
genes and proteins six months after exposure to radiation, in mice
(Kempf et al., 2015; Quintens et al., 2015) and indicate possible
contribution of epigenetic events in the processing of the late cognitive
effects, requiring thus future investigations.
For internal contamination, the transport mechanism of inhaled or
ingested radioactive elements to the brain may play an important role in
the mechanisms of radiation-induced cognitive effects. After inhalation
of uranium particles, a direct transport of elemental uranium (particu
late and solubilized) through the olfactory nerve bundles has been
observed in rats (Ibanez et al., 2019). This entry route might be
responsible for neurogenesis and neuroinflammation alterations.
Chronic ingestion of uranium, via drinking water, during brain devel
opment has also been shown to alter cell proliferation and cell death,
resulting in mice behavioral consequences in adulthood (Dinocourt
et al., 2017).

Cognitive
decline > 70
years of age

There is little information to date on the extent to
which IR exposure in infancy and early childhood
affects cognition later in life
Reports from long term childhood cancer
survivor’s cohort studies are emerging, with the
progressive aging of these cohorts. Studies in
childhood cancer survivors suggest?? that
exposure to high dose IR early in life may
accelerate aging, including an accelerated decline
of cognitive functions. However, this research is
still in an early phase.
The effect of exposure on adult and late life
cognition is not well studied.
The study of A-bomb survivors exposed during
adolescence suggests no effect on cognitive decline
at older ages.
Reports from long term childhood cancer
survivor’s cohort studies are emerging, with the
progressive aging of these cohorts. Studies in
childhood cancer survivors suggest that exposure
to high dose IR happening early in life may
accelerate aging, including an accelerated decline
of cognitive functions. However, this research is
still in an early phase.
The effect of exposure during adult life on
cognitive function is unclear.
The study of Chernobyl clean-up workers suggests
a decrease in cognitive function in the low to
moderate dose range, while

cognitive effects, by a series of key questions explored so far. For each
of the questions, we briefly provide the current epidemiological (E) and
biological (B) knowledge, taking into account the amount and quality of
the available data (legend of Table 2). We also specify how such
knowledge has been translated into clinical practice (C). The meaning of
the colors and shapes is explained in the legend of Table 2.
4. Discussion
Overall, there is evidence of cognitive effects from low IR doses both
from biology and epidemiology, though a better characterization of ef
fects in term of outcome definition, exposure time vulnerability, and
mechanism and susceptibility factors is needed.
4.1. Research gaps
4.1.1. Clinical perspective
Exposure in the medical setting deserves particular attention and
results should inform clinicians in addressing decisions, both in diag
nostic and therapeutic procedures. Medical IR exposure in children and
adults is different, thus, specific age-related risk assessment is needed to
generate precise clinical recommendations. There is a need to better
characterize the effect on the postnatal developing brain. Indeed, the
development of the brain continues until young adulthood, and cogni
tive effects of exposure to radiation may vary during the course of life
(infancy, early childhood, adolescence and young adulthood). Data on

3.2. Intersection of clinical, epidemiological and experimental
perspectives
Table 1 summarizes and briefly defines the current state of knowl
edge about radiation induced cognitive effects over life, by specific
exposure period and dose-range.
Table 2 shows a map of current knowledge concerning IR-induced
6
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Table 2
Map of the current state of art across research disciplines. (See below-mentioned
references for further information.)

Table 2 (continued )

(continued on next page)
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medical exposure (the Swedish haemangioma cohorts) seem to indicate
that exposure during infancy may influence cognitive function measured
in early adulthood (Hall et al., 2004), while no effect on cognitive
function, as measured in the elderly, was found in the A-bomb survivors
study of subjects exposed during adolescence and early adulthood
(Yamada et al., 2016). A better characterization of the risk at doses in
the ranges of a single CT Head examination (30–50 mGy) and after
repeated examinations would likely inform clinical practice. Risk char
acterization should follow the continuous progress in imaging and
therapeutic techniques.

Table 2 (continued )

4.1.2. Epidemiological studies
From an epidemiological point of view, there is a need to: i) identify,
describe and quantify the magnitude of radiation-induced impairment in
the different cognitive function domains; ii) estimate the radiationassociated risk for specific cognitive diseases of neurodevelopment
(including autism spectrum disorders, attention-deficit/hyperactivity,
learning and intellectual disabilities) and cognitive decline (Parkinson,
Dementia, Alzheimer). Epidemiological studies should frame appropri
ately the research questions within the life span of individuals, as
cognitive function changes with aging. There is also a need to charac
terize the possible effect modification of age at exposure. Additionally,
in the study of long-term effects, the role of brain plasticity in possible
reversing some of these effects is also of interest. Thus, to better char
acterize cognitive radiation induced effect in epidemiological studies,
priority should be given to prospective studies, in which repeated
measurement is feasible.
4.1.3. Experimental studies
Experimental studies should better explore the age- and dosedependent cognitive deficits at low to moderate IR doses. Priority
should be given to the characterization of brain effects in children and
adolescence and to age-related neurodegenerative diseases. Indeed, the
possible link between prenatal radiation exposure and neuro-senescence
has not yet been well described.
Research has shown that the underlying mechanisms acting at low
doses (below 0.1 Gy) are not identical to those at high doses. Thus,
further research should focus on understanding mechanisms at low to
moderate doses. The contribution of “out-of-target” radiation exposure
to the risk of brain-related detrimental effects and the effects of pro
tracted low doses on brain development are also largely unknown.
Additionally, the contribution of neuroinflammation in cognitive
decline deserves more attention in children and adults.
Biology can contribute to identify biomarkers (imaging and biolog
ical) of susceptibility and of radiation-induced cognitive impairment.
Genetic analysis may contribute to investigate possible susceptibility
and elucidate genetic and epigenetic mechanisms of radiation-induced
cognitive impairment. Nevertheless, access to human samples remain
very limited for biologists, and it may not be possible to completely
extrapolate results from controlled animal studies to humans. Future
epidemiological studies should collect biological samples in living
human subjects as well as tissue samples in post-mortem in autopsies,
where relevant.
4.2. Methodological issues and recommendations
4.2.1. Recommendations for epidemiological studies
4.2.1.1. Outcome assessment in epidemiological studies. Cognitive devel
opment and decline are challenging to address in epidemiological
studies, and different strategies may be implemented.
In the case of a functional neurodevelopmental outcome, lessons can
be learned from birth cohorts studies, which recommend the use of
computerized tests to reduce inter-observer variability and facilitate
collection of repeated measures of cognitive development (Forns et al.,
8
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2012; Júlvez et al., 2016). Study protocols should ideally include mea
surement of a number of specific cognitive functions, in addition to a
general measure of IQ, which, in a computerized test, can be measured
using tests similar to the Raven’s Progressive Matrices. In IR studies,
priority should be given to processing speed, executive functions,
attention and memory, as those are the areas that seem most affected in
high dose studies (Krull et al., 2018; Ullrich and Embry, 2012).
Computerized tests need to be administered by trained personnel,
thus they imply effort and cost to be implemented. They can be applied
in large-scale epidemiological studies that have an active follow-up in
place, for example among cancer survivors. Online applications are
being developed for some tests (Feenstra et al., 2018) allowing selfadministration and reducing costs, though study participants should
be motivated and able to understand instructions autonomously.
Self-reported measures of cognitive function, such as the NCQ test
used in the A-bomb survivors study (Yamada et al., 2019), can be
considered, as they can inform on the subjective burden of the perceived
cognitive impairment, which influences quality of life, and are thus of
particular interest for clinicians.
Tests used in the screening of cognitive decline and dementia in the
elderly, such as the MMSE and the MoCa (Montreal Cognition Assess
ment), are also of interest and they have been implemented in CERE
BRAD project (CEREBRAD, 2015). These tests should be administered by
trained personel and are design as screening instruments; thus they do
not give a precise measure of a specific congnitive function. They could
be used, however, in epidemiological studies to identify subjects with a
clinical form of dementia (mild or severe).
Where available, functional cognitive indicators in population-based
registries would be useful for record linkage in large cohort studies.
Regarding clinical outcomes, in some countries, health registries may
provide a useful basis for data collection, though the presence and
quality of such registries should be checked. In addition, the continuous
evolution of clinical criteria for some of the disorders of interest may
challenge the identification and interpretation of results.
Measures of the social impact of cognitive deficit (such as socioeconomic variables, educational achievement, and quality of life) are
needed to plan appropriate public health actions. Expertise from social
scientists would be of major benefit to evaluate the impact of possible
radiation induced subtle changes in cognitive function on education and
social functioning and discuss possible interventions.

decline, if repeated assessments can be performed. In addition, assess
ment of specific neurodegenerative diseases may also be considered.
For cognitive development, cohorts of pediatric patients who un
dergo long-term follow-up, in particular childhood cancer survivors, are
ideal populations for study.
Record linkage studies, such as the international studies of nuclear
industry workers – including INWORKS (Hamra et al., 2015), and
studies of patients who underwent CT in childhood or adolescence, for
example EPI-CT (Bernier et al., 2018), are not suitable for the study of
cognitive effects in the absence of valid population based registries of
the outcomes of interest.
4.2.1.4. Biological sample collection. Collection of biological samples in
epidemiological studies evaluating cognitive effects could help to
advance the understanding of the mechanisms behind such effects and
identify susceptible populations.
A first possible strategy to perform such analyses is to use stored
biological materials. Some established cohorts may have collected and
stored biological samples, which could eventually be analyzed together
with cognitive tests results. Indeed, collection of biological samples from
Chernobyl clean-up workers has been performed in several multina
tional studies, and in Ukraine the total number of blood and saliva
samples for RNA/DNA analysis exceeds 1000 (Bazyka et al., 2017; Ojha
et al., 2018). Thus, an inventory of stored materials is needed when
designing study protocols.
In cohorts of patients undergoing active follow-up (such as cancer
survivors), prospective collection of biological materials may also be
feasible. The possibility of collecting imaging biomarkers (through
structural and functional MRIs) is also of interest to study brain volumes,
white and grey brain matter status, and other imaging anomalies,
though there is potential for confounding as discussed above.
Multidisciplinary approaches, including collection of biological
samples and imaging biomarkers together with comprehensive cogni
tive function assessment and precise dosimetry to different brain
structures, is already being implemented in high dose radiation epide
miological studies (Durand et al., 2015).
4.2.1.5. Doses and dosimetry. Estimating effects in the low-dose range
requires very large populations to detect cognitive effects, which are
likely to be very small (e.g. variation of a few IQ points).
To ensure adequate statistical power, epidemiological studies should
include subjects with a wide range of doses and with a sufficient pro
portion of subjects with doses in the range of 100 mGy or more. If cat
egorical analysis is planned, choice of categorical cut points should span
the breadth of the dose distribution.
Based on these considerations, general population-based studies,
including case-control studies, are generally unlikely to be informative
in this field, though case-control studies nested within cohorts of
exposed persons may be useful if doses can be reconstructed precisely
and accurately.
As different brain anatomical structures are responsible of the correct
functioning of different domains of cognition, individual estimates of
dose (and all associated uncertainties) should be derived for the brain as
a whole and for the relevant brain anatomical structures. Alternative
target organs, such as the thyroid and major vessels, should also be
considered to elucidate possible alternative mechanisms of radiation
induced cognitive decline.

4.2.1.2. Age at outcome assessment and age at exposure. An important
issue for the interpretation of results of epidemiological studies is the
age at which the outcome is assessed. Indeed, cognitive function in
creases and maturates during fetal, childhood and adolescent life and
starts to decline in old age. In addition, there are age-specific diseases of
neurodevelopment and of neurocognitive decline.
Current evidence, especially from experimental studies, suggests that
age at exposure is also an important effect modifier.
Thus, epidemiological studies should formulate their questions, plan
the study protocol and interpret the results carefully considering both
the timing of exposure and of outcome measurement across the lifespan
of the population.
4.2.1.3. Populations of interest. In epidemiology, cohort studies in
which there is the potential for repeated assessments are the ideal model
for the study of cognitive effects of low IR doses.
There is a need both for cohorts of persons exposed in utero and at
young ages to assess impact of exposure on cognitive development, and
for cohorts of adults with sufficiently long follow-up to assess impact on
cognitive decline.
The cohort of the A-bomb survivors, aging cohorts of patients treated
for benign diseases (tinea capitis, haemangioma) and cohorts of workers
with sufficiently high doses – such as the Mayak worker cohort – can
contribute substantially to the assessment of impact on cognitive

4.2.1.6. Confounders and co-exposures. Epidemiological studies need to
collect information on possible confounding factors, which depend on
the context in which radiation exposure occurred.
For example, if exposure happens in the context of a major envi
ronmental disaster, stress should be taken into account as it is well
known that stress may influence cognitive function, especially when
exposure occurs during foetal life (maternal stress) (Graignic-Philippe
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Harmonization of study protocols, in terms of behavioral tests
adopted, radiation dose and dose-rate will help to compare results be
tween laboratories. Indeed, discrepancies exist between studies and no
consistent conclusions can be drawn at present regarding the gestational
age at which irradiation induces modifying effects on rodent behavior.

et al., 2014; Van den Bergh et al., 2017). Indeed, interpretation of
studies on evacuees from areas contaminated by fall-out from the
Chernobyl accident, are subject to bias due to confounding by factors
such as stress, which is likely to be greater in evacuees than in residents
of areas where they resettled.
In medical cohorts, presence of specific chronic diseases, which may
lead to higher medical IR exposure, might also influence cognition
(Armstrong, 2006; Crump et al., 2013; Taras and Potts-Datema, 2005).
In the case of cancer survivors, several confounding variables should be
considered. First, details of cancer treatment (including surgery and
chemotherapy) should be collected. Indeed, it is known that some
chemotherapeutic agents induce neurotoxicity (Hodgson et al., 2013;
Myers et al., 2008), such as cisplatin, which can cross the blood-brain
barrier. Additionally, cancer survivors are at increased risk of CBVDs
(Morris et al., 2009; El-Fayech et al., 2017) and ototoxicity, which can
cause cognitive impairment (Niclasen et al., 2016), and these may
confound or act as mediators of radiation-induced cognitive deficit.
Long-term medical consequences of therapy may influence school
attendance and cancer survivors may suffer psychological consequences,
which can potentially affect cognition (Willard et al., 2017).
The effect of co-exposure might be relevant for occupational cohorts
in which also some lifestyle factors (smoking and alcohol) might play an
important role. Potential neuroprotective factors, such as positive life
style factors, may also been identified.
The issue of co-exposure can also be elucidated in animal experi
ments, as done in CEREBRAD. Future co-exposure research needs to
focus on combining more than two agents/stressors to reflect real life.
This research should cover nutrition and dietary factors and their
combined contribution with radiation.
Additionally, in the case of internal radiation contamination, ana
lyses should take into account results of experimental studies to disen
tangle the radiological from the chemical toxicity effects of specific
radionuclides (Gagnaire et al., 2011).

4.2.2.3. Specific biological mechanisms that need further clarification. As
described above, the effects of radiation at high doses are different from
those at low doses. Effects of high doses of IR includes apoptosis, defect
in cell proliferation and migration, and alterations of blood brain barrier
permeability. At low to moderate doses, aberrant neuronal communi
cation after prenatal/perinatal irradiation, impairment of the synapto
genesis, and inhibitory neuron development at early time-points after
irradiation need to be further explored. Additionally, future studies
should especially target childhood and adolescence to study the effects
of IR on postnatal brain maturation, in particular changes in neuro
transmitters availability and synaptic plasticity. Indeed the formation of
the dendritic tree and the synaptic connections, which is usually
completed in early adulthood, may be impaired by co-exposure to low
dose ionizing radiation and ketamine (Hladik et al., 2019). We strongly
recommend further similar research on radiation induced changes in
dendritic structures.
Research should also focus on the role of the imbalance of inflam
matory response during brain maturation, which may be a trigger of late
cognitive impairment when associated with cytokines overexpression
and dysregulation (Sochocka et al., 2017).
Animal models in CEREBRAD showed that blood brain barrier
permeability correlated strongly with age at exposure and radiation dose
and further investigations are required to fully understand the under
lying mechanisms and the possible role on radiation induced cognitive
dysfunction.
Defective cortical development and disturbed hippocampal neuro
genesis have been associated with decreased thickness of the prefrontal
cortex in the long-term. More experiments are required to investigate
frontal and prefrontal cognitive functions related to the prefrontal cortex
in irradiated animals.
Recent results from the SEPARATE project (SEPARATE, 2014) sug
gests the existence of out-of-target radiation responses in the hippo
campus in vivo. Indeed, partial-body irradiated mice display changes in
non-coding RNAs and proteins and defects in neurogenesis similar to
those induced by whole-body irradiation (Pazzaglia et al., in prepara
tion). Thus, further mechanistic investigations on the contribution of
“out-of-target” effects are needed. The direct effects of IR on the post
natal brain need to be disentangled from the abscopal effect linked to
whole body exposures.

4.2.2. Recommendations for experimental studies
4.2.2.1. The importance of animal models in elucidating radiation induced
cognitive deficit. Appropriate animal models are critically required to
decipher the complex pathogenic mechanisms of the IR-induced cogni
tive impairment (Dos Santos et al., 2018). Animal models may charac
terize the effect of low dose radiation (single versus protracted/
fractionated doses) on neural stem, progenitor cells, and their micro
environment, in the short- and long-term and for different window of
exposure. Indeed, they may help to: i) explore age- and dose-dependent
neurogenesis impairment and cognitive deficits at low to moderate
doses; ii) elucidate the interactions between aging-related and radiationinduced cognitive changes; iii) identify genetic susceptibility factors in
radiation-induced cognitive dysfunction at low doses; iv) elucidate ge
netic and epigenetic mechanisms of radiation-induced neurogenesis
impairment.
Assessing neurogenesis in humans is challenging. The main body of
evidence comes from studies in human brains postmortem, using
immunohistochemistry as cell proliferation markers. However, there are
technical limitations in studying postmortem brain tissues and these
require methodological standardization of the maximum premortem
agonal period, the maximum time elapsed from death to tissue fixation,
fixation times etc. (Nogueira et al., 2018). Animal models offer the op
portunity to elucidate the pathophysiology of radiation-induced cogni
tive decline and its molecular mechanisms (Pazzaglia et al., 2020).

4.2.3. Modelling
It is premature for a modelling of risk assessment that integrates
mechanistic studies and epidemiology as epidemiological and biological
studies are still not conclusive at present.
However, with a better understanding of mechanisms, development
of dedicated mathematical models would be useful to analyse both new
and available epidemiological and animal data on radiation-induced
cognitive impairment.
5. Conclusions
The presentations and discussions at the workshop indicate, both
from the epidemiological and experimental perspectives, a possible ef
fect of low doses of IR on cognitive development and decline.
Particular research gaps include: i) better characterization of the
cognitive deficit across the human life span; ii) understanding of the
effect modification of age at exposure and at cognitive assessment; iii)
understanding of the effect of co-exposures, in particular in the medical
setting. Addressing such gaps will likely better inform clinicians in the

4.2.2.2. Need for harmonization of study protocols in animal experiments.
Behavioral tests are considered the best available strategy to uncover
brain function in animal experiments. Extremely sensitive behavioral
test batteries are now available and are necessary to uncover possible
low-dose consequences (MELODI, 2019).
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decision-making process thus improving radiation protection of patients
undergoing diagnostic and therapeutic procedures.
Based on a review of past studies and their limitations, the workshop
participants identified specific populations most suitable for the study of
cognitive effects. Neurodevelopment may be studied in childhood can
cer survivors with low to moderate brain doses and cognitive decline
may be addressed in atomic bomb survivors, aging cohorts treated for
benign diseases (tinea capitis, haemangioma) and in workers with
relatively high doses, such as Mayak workers or Chernobyl liquidators.
Regarding experimental studies, rodents are extensively used to
model neurodegenerative disease, and they have also played a pivotal
role in the mechanistic understanding of radiation-induced cognitive
dysfunctions. Notwithstanding the importance of these models in
elucidating the pathogenic pathways in radiation-induced brain effects,
the translational validity of the gained knowledge to humans should be
further investigated.
Finally, modeling may play an important role in bridging the infor
mation from epidemiology and mechanistic studies for a better risk
assessment.
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between Early Life Exposure to Air Pollution and Working Memory and Attention.
Environ. Health Perspect. 127, 57002. https://doi.org/10.1289/EHP3169.
Robinson, K.E., Kuttesch, J.F., Champion, J.E., Andreotti, C.F., Hipp, D.W., Bettis, A.,
Barnwell, A., Compas, B.E., 2010. A quantitative meta-analysis of neurocognitive
sequelae in survivors of pediatric brain tumors. Pediatr. Blood Cancer 55, 525–531.
https://doi.org/10.1002/pbc.22568.
Ron, E., Modan, B., Floro, S., Harkedar, I., Gurewitz, R., 1982. Mental function following
scalp irradiation during childhood. Am. J. Epidemiol. 116, 149–160. https://doi.
org/10.1093/oxfordjournals.aje.a113389.
Roque, T., Haton, C., Etienne, O., Chicheportiche, A., Rousseau, L., Martin, L.,
Mouthon, M.-A., Boussin, F.D., 2012. Lack of a p21waf1/cip -dependent G1/S
checkpoint in neural stem and progenitor cells after DNA damage in vivo. Stem Cells
30, 537–547. https://doi.org/10.1002/stem.1010.
Sadetzki, S., Chetrit, A., Mandelzweig, L., Nahon, D., Freedman, L., Susser, E., Gross, R.,
2011. Childhood exposure to ionizing radiation to the head and risk of
schizophrenia. Radiat. Res. 176, 670–677.
Saha, S., Woodbine, L., Haines, J., Coster, M., Ricket, N., Barazzuol, L., Ainsbury, E.,
Sienkiewicz, Z., Jeggo, P., 2014. Increased apoptosis and DNA double-strand breaks
in the embryonic mouse brain in response to very low-dose X-rays but not 50 Hz
magnetic fields. J. R. Soc. Interface 11. https://doi.org/10.1098/rsif.2014.0783.
Salonen, E., Nyman, H., Kizling, I., Geijerstam, J.-L.A., Flodmark, O., Aspelin, P.,
Kaijser, M., 2018. Cognitive function following head CT in childhood: a randomized
controlled follow-up trial. Acta Radiol. 59, 221–228. https://doi.org/10.1177/
0284185117708471.
Schull, W.J., Nishitani, H., Hasuo, K., Kobayashi, T., Goto, I., Otake, M., 1991. Brain
abnormalities among the mentally retarded prenatally exposed atomic bomb
survivors (RERF report No. RERF TR 13-91). Radiation Effect Reseacrh Foundation,
Hiroshima, japan.
SEPARATE, 2014. SEPARATE EU PROJECT GRANT Agreement 662287.
Shamsaldin, A., Lundell, M., Diallo, I., Ligot, L., Chavaudra, J., de Vathaire, F., 2000.
Estimation of the radiation dose from radiotherapy for skin haemangiomas in
childhood: the ICTA software for epidemiology. Phys. Med. Biol. 45, 3589–3599.
https://doi.org/10.1088/0031-9155/45/12/306.
Sochocka, M., Diniz, B.S., Leszek, J., 2017. Inflammatory Response in the CNS: Friend or
Foe? Mol. Neurobiol. 54, 8071–8089. https://doi.org/10.1007/s12035-016-0297-1.
Stanescu, A.L., Shaw, D.W., Murata, N., Murata, K., Rutledge, J.C., Maloney, E.,
Maravilla, K.R., 2020. Brain tissue gadolinium retention in pediatric patients after
contrast-enhanced magnetic resonance exams: pathological confirmation. Pediatr.
Radiol. 50, 388–396. https://doi.org/10.1007/s00247-019-04535-w.
Suman, S., Rodriguez, O.C., Winters, T.A., Fornace, A.J., Albanese, C., Datta, K., 2013.
Therapeutic and space radiation exposure of mouse brain causes impaired DNA
repair response and premature senescence by chronic oxidant production. Aging
(Albany NY) 5, 607–622. https://doi.org/10.18632/aging.100587.
Tada, E., Yang, C., Gobbel, G.T., Lamborn, K.R., Fike, J.R., 1999. Long-term impairment
of subependymal repopulation following damage by ionizing irradiation. Exp.
Neurol. 160, 66–77. https://doi.org/10.1006/exnr.1999.7172.
Tanner, C.M., Goldman, S.M., Ross, G.W., Grate, S.J., 2014. The disease intersection of
susceptibility and exposure: chemical exposures and neurodegenerative disease risk.
Alzheimers Dement 10, S213–S225. https://doi.org/10.1016/j.jalz.2014.04.014.
Taormina, D.P., Rozenblatt, S., Guey, L.T., Gluzman, S.F., Carlson, G.A., Havenaar, J.M.,
Zakhozha, V., Kotov, R., Bromet, E.J., 2008. The Chornobyl accident and cognitive
functioning: a follow-up study of infant evacuees at age 19 years. Psychol. Med. 38,
489–497. https://doi.org/10.1017/S0033291707002462.
Taras, H., Potts-Datema, W., 2005. Chronic health conditions and student performance at
school. J. Sch. Health 75, 255–266. https://doi.org/10.1111/j.17461561.2005.00034.x.
Teng, E.L., Hasegawa, K., Homma, A., Imai, Y., Larson, E., Graves, A., Sugimoto, K.,
Yamaguchi, T., Sasaki, H., Chiu, D., 1994. The Cognitive Abilities Screening

Instrument (CASI): a practical test for cross-cultural epidemiological studies of
dementia. Int Psychogeriatr 6, 45–58; discussion 62. https://doi.org/10.1017/
s1041610294001602.
The Cochrane Collaboration, 2011. Cochrane Handbook for Systematic Reviews of
Interventions, Version 5.1.0 [updated March 2011]. ed.
Tikellis, G., Dwyer, T., Paltiel, O., Phillips, G.S., Lemeshow, S., Golding, J., Northstone,
K., Boyd, A., Olsen, S., Ghantous, A., Herceg, Z., Ward, M.H., Håberg, S.E., Magnus,
P., Olsen, J., Ström, M., Mahabir, S., Jones, R.R., Ponsonby, A.-L., Clavel, J., Charles,
M.A., Trevathan, E., Qian, Z.M., Maule, M.M., Qiu, X., Hong, Y.-C., Brandalise, S.,
Roman, E., Wake, M., He, J.-R., Linet, M.S., International Childhood Cancer Cohort
Consortium, 2018. The International Childhood Cancer Cohort Consortium (I4C): A
research platform of prospective cohorts for studying the aetiology of childhood
cancers. Paediatr Perinat Epidemiol 32, 568–583. https://doi.org/10.1111/
ppe.12519.
Travis, L.B., Rabkin, C.S., Brown, L.M., Allan, J.M., Alter, B.P., Ambrosone, C.B., Begg, C.
B., Caporaso, N., Chanock, S., DeMichele, A., Figg, W.D., Gospodarowicz, M.K.,
Hall, E.J., Hisada, M., Inskip, P., Kleinerman, R., Little, J.B., Malkin, D., Ng, A.K.,
Offit, K., Pui, C.-H., Robison, L.L., Rothman, N., Shields, P.G., Strong, L.,
Taniguchi, T., Tucker, M.A., Greene, M.H., 2006. Cancer survivorship–genetic
susceptibility and second primary cancers: research strategies and recommendations.
J. Natl Cancer Inst. 98, 15–25. https://doi.org/10.1093/jnci/djj001.
Ullrich, N.J., Embry, L., 2012. Neurocognitive dysfunction in survivors of childhood
brain tumors. Semin Pediatr Neurol 19, 35–42. https://doi.org/10.1016/j.
spen.2012.02.014.
Van den Bergh, B.R.H., van den Heuvel, M.I., Lahti, M., Braeken, M., de Rooij, S.R.,
Entringer, S., Hoyer, D., Roseboom, T., Räikkönen, K., King, S., Schwab, M., 2017.
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